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Regulation of V-ATPase activity
Function of intracellular and plasma
membrane V-ATPasesV-ATPases) are ATP-dependent proton pumps responsible for both acidiﬁcation of
intracellular compartments and, for certain cell types, proton transport across the plasma membrane.
Intracellular V-ATPases function in both endocytic and intracellular membrane trafﬁc, processing and
degradation of macromolecules in secretory and digestive compartments, coupled transport of small
molecules such as neurotransmitters and ATP and in the entry of pathogenic agents, including envelope
viruses and bacterial toxins. V-ATPases are present in the plasma membrane of renal cells, osteoclasts,
macrophages, epididymal cells and certain tumor cells where they are important for urinary acidiﬁcation,
bone resorption, pH homeostasis, sperm maturation and tumor cell invasion, respectively. The V-ATPases are
composed of a peripheral domain (V1) that carries out ATP hydrolysis and an integral domain (V0)
responsible for proton transport. V1 contains eight subunits (A–H) while V0 contains six subunits (a, c, c′, c″,
d and e). V-ATPases operate by a rotary mechanism in which ATP hydrolysis within V1 drives rotation of a
central rotary domain, that includes a ring of proteolipid subunits (c, c′ and c″), relative to the remainder of
the complex. Rotation of the proteolipid ring relative to subunit a within V0 drives active transport of protons
across the membrane. Two important mechanisms of regulating V-ATPase activity in vivo are reversible
dissociation of the V1 and V0 domains and changes in coupling efﬁciency of proton transport and ATP
hydrolysis. This review focuses on recent advances in our lab in understanding the structure and regulation
of the V-ATPases.
© 2008 Elsevier B.V. All rights reserved.1. Function of V-ATPasesV-ATPases function as ATP-drivenprotonpumps in awide variety of
cellular membranes, including endosomes, lysosomes, Golgi-derived
vesicles, secretory vesicles and the plasma membrane of various cell
types [1]. Acidiﬁcation of endosomes facilitates the dissociation of
internalized ligand–receptor complexes and allows unoccupied recep-
tors to recycle to the plasma membrane [2]. Receptors that follow this
pathway include, among others, those for the cholesterol carrier low
density lipoprotein (LDL), asialoglycoproteins and peptide hormones,
such as insulin. A similar acid-activated dissociation occurs in Golgi-
derived vesicles and is involved in the delivery of newly synthesized
lysosomal enzymes from the trans-Golgi network to lysosomes
utilizing the mannos-6-phosphate receptor [3]. Endosomal acidiﬁca-
tion is also required for the budding of endosomal carrier vesicles that
move cargo proteins from early to late endosomes [4]. Exposure of
various envelope viruses (like inﬂuenza virus) and toxins (like anthrax
toxin) to the acidic environment of the endosome facilitates the entry
of the cytotoxic portions of these agents into cells [5]. A low pHwithin
lysosomes activates degradative enzymes presentwithin the lysosome1 617 636 0445.
).
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l rights reserved.lumen and provides a driving force for the coupled transport of small
molecules and ions across the lysosomal membrane. Similarly,
acidiﬁcation of secretory vesicles, like synaptic vesicles, drives the
uptake of small molecules, such as neurotransmitters, coupled either
to the proton gradient or the positive interior membrane potential
generated by theV-ATPase. The lowpHwithin secretory vesicles is also
required for the activity of proteolytic enzymes that process precursor
proteins, such as proinsulin, to their mature forms [6].
Plasma membrane V-ATPases function in both normal and disease
processes. V-ATPases in the apicalmembrane of renal intercalated cells
of the distal tubule and collecting duct serve to secrete protons into the
urine, thus participating in the regulation of plasma pH [7]. Defects in
this process lead to the human genetic disorder renal tubule acidosis
[8]. Plasma membrane V-ATPases in osteoclasts are essential for the
ability of these cells to degrade bone, with mutations in the isoform
responsible for plasma membrane targeting in osteoclasts leading
to osteopetrosis [9]. In macrophages and neutrophils, V-ATPases at
the cell surface participate in pH homeostasis [10] whereas in the
epididymus and vas deferens, V-ATPases function in spermmaturation
and storage [11]. V-ATPases have been identiﬁed at the plasma
membrane of both vascular endothelial cells and certain tumor cells
where they are thought to participate in the invasive properties of
these cells [12,13]. V-ATPases are thus being investigated as a potential
target in the treatment of a variety of human diseases, including
osteoporosis, diabetes and cancer.
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The V-ATPases are large, multi-subunit complexes organized into
two domains (Fig. 1A) [1]. The peripheral V1 domain is responsible for
ATP hydrolysis whereas the integral V0 domain carries out proton
translocation. V1 is composed of eight different subunits (A–H) of
molecular mass 70–10 kDa that are present in a stoichiometry of
A3B3C1D1E2F1G2H1–2 [14–16]. The three A and three B subunits are
arranged in an alternating hexamer with the nucleotide binding sites
located at the interface of the A and B subunits. The three catalytic sites
are composed principally of residues contributed by the A subunits,Fig. 1. Structure and mechanism of the V-ATPase. A, subunit model of the V-ATPase
highlighting the V1 (yellow) and V0 (green) domains. The model is based on the
homology to F-ATPase, the known crystal structure of isolated V-ATPase subunits,
electron microscopy and cysteine-mediated cross-linking studies. B, the rotary
mechanism of V-ATPase. The rotary subunits are highlighted in blue, while the
stationary subunits are shown in orange. Hydrolysis of ATP causes conformational
changes in the A subunits which drives the rotation of the rotor in the direction shown
by the red arrow. C, the mechanism of proton transport through V0. Shown is a
schematic representation of the C-terminal domain of a, and the proteolipid ring.
Protons (shown as red dots) enter the V0 complex through the cytoplasmic hemi-
channel on a and bind to the essential glutamic acid residue on the proteolipid subunit
that is aligned with the hemi-channel. As the proteolipids rotate, the protonated form of
the glutamic acid travels through the lipid bilayer and eventually returns to the a
subunit and aligns with the luminal hemi-channel. Residue Arg-735 (shown in yellow)
on a promotes the deprotonation of the glutamate, and the proton is released through
the hemi-channel into the lumen.although certain residues on the B subunits are also present [17–20].
Similarly, the three “non-catalytic” sites, whose function is proposed to
be regulatory, are located principally on the B subunits [17,19,21,22].
The remaining V1 subunits are organized into one of two types of
stalks, referred to as the central and peripheral stalks, connecting the
V1 and V0 domains. We have localized subunits to the central and
peripheral stalks of the V-ATPase complex using both electron
microscopy and cysteine-mediated cross-linking in yeast [23–28].
In the latter approach, unique cysteine residues are introduced into
structurally deﬁned sites of a subunit that has been otherwise
engineered to remove endogenous cysteine residues. For subunits C
and H, we have employed available high resolution crystal structures
[29,30] to place unique cysteine residues over the surface of the protein
[25,28]. For subunit B, amolecularmodel based on sequence homology
with the F-ATPase and a high resolution structure of the F1 domainwas
employed [23,24,26,31]. Results from both cross-linking and electron
microscopy have shown that subunit D is present in the central stalk
whereas subunits C, E, G and H together with the amino-terminal
domain of subunit a are present in the peripheral stalk [23–28]. Based
upon the formation of tight heterodimeric complexes of subunits D
and F [32], we have also assigned subunit F to the central stalk.
V0 (inyeast) is composedof six different subunits ofmolecularmass
100–9 kDa that are present in a stoichiometry of a1d1enc4–5c′1c″1
[14,33]. Subunits c, c′ and c″ are highly hydrophobic proteins that share
sequencehomology to each other and to the F-ATPase subunit c and are
referred to as proteolipid subunits [34]. Subunits c and c′ contain four
transmembrane helices whereas subunit c″ contains ﬁve transmem-
brane helices [35]. Each proteolipid subunit contains a single buried
carboxyl group present in TM4 (for c and c′) or TM3 (for c″) that is
essential for proton translocation. These buried carboxyl groups are
located near the middle of the bilayer and are thought to undergo
reversible protonation during proton translocation, although it is
possible that protons may be transported as hydronium ions, as
proposed for the F-ATPases [36]. The proteolipid subunits form a ring
containing single copies of subunit c′ and c″ and 4–5 copies of subunit c
[14,33]. Subunit d is a hydrophilic protein that binds tightly to the
cytoplasmic surface of the proteolipid ring [37] and serves as the
binding site for the V1 subunits (D and F) of the central stalk complex.
Theproteolipid ring, togetherwith subunit d of V0 and subunits D and F
of V1, is also referred to as the rotary complex (see below).
Subunit a is a 100 kDa transmembrane protein containing a 50 kDa
amino-terminal cytoplasmic domain and a 50 kDa carboxy-terminal
hydrophobic domain containing 8–9 transmembrane helices [38].
Subunit a contains a buried arginine residue located in TM7 which,
like the carboxyl groups of the proteolipid subunits, is essential for
proton translocation through V0 [39]. Subunit a is also thought to form
two hemi-channels (one oriented towards the cytoplasmic side of the
membrane and one oriented towards the luminal side) which allow
protons to reach and to leave the buried carboxyl groups on the
proteolipid subunits [1].
Like the related familyof F-ATPases (orATP synthases), theV-ATPases
operate by a rotary mechanism (Fig. 1B and C) [40,41]. ATP hydrolysis
within the V1 domain drives rotation of the rotary complex (subunits
D, F, d and the proteolipid ring). The proteolipid ring rotates relative to
subunit a, which is held ﬁxed relative to the A3B3 hexameric head of
V1 by the peripheral stalk(s), or stator(s), which include subunits C, E,
G, H and the amino-terminal domain of subunit a. The mechanism of
proton translocation, based upon the mechanism ﬁrst proposed for the
F-ATPases [42], is envisioned as follows (Fig. 1C) [1]. A proton enters
from the cytoplasmic side of the membrane by the cytoplasmic hemi-
channel in subunit a and protonates a buried carboxyl group on one of
the proteolipid subunits. This proton remains attached to the carboxyl
group as the proteolipid ring is forced to rotate because of the
hydrophobic environment in which this group is located. As the
protonated carboxyl group reaches the luminal hemi-channel, interac-
tion with the buried Arg residue on subunit a stabilizes the carboxyl
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hemi-channel. Continued rotation of the charged carboxyl group past
the Arg residue of subunit a places it once again in contact with the
cytoplasmic hemi-channel, where it is again available for protonation.
Evidence for close interaction between TM7 of subunit a contain-
ing the critical arginine residue and TM 4 of subunit c′ containing the
essential glutamic acid residue has come from zero-length cross-
linking studies between engineered cysteine residues in each protein
[43]. TM7 of subunit a also shows disulﬁde-mediated cross-linking to
TM3 but not TM5 of subunit c″ [44]. Both TM3 and TM5 of subunit c′
contain buried glutamic acid residues, but only that in TM3 is essential
for proton translocation [35]. Interestingly, cross-linking of subunit a
to both subunits c′ and c″ shows evidence for helical swiveling in both
subunit a and the proteolipid subunits [43,44]. That is, zero-length
cross-linking can be observed between residues that would require
considerable radial mobility in both helices. It is tempting to speculate
that such helical swiveling in subunit a may help to control proton
accessibility through the postulated hemi-channels that participate in
proton translocation. The speciﬁc and highly potent inhibitors
baﬁlomycin and concanamycin have been shown to bind at helical
interfaces within the proteolipid ring [45] and it is possible that they
inhibit activity by preventing helical swiveling within the ring.
Subunit a may also participate to a lesser degree in conferring
sensitivity to these inhibitors [46].
We have also recently shown that the three proteolipid subunits
in the yeast V-ATPase adopt a particular arrangement in functional
V-ATPase complexes [47]. Subunit c′must be adjacent to and counter-
clockwise from subunit c″ as viewed from the luminal side of the
membrane. The reason that only this arrangement gives rise to a
functional V-ATPase is not known, but one possibility is that, because
subunit c′ serves as the docking site for the dedicated ER chaperone
protein Vma21p [48], it may be that only this arrangement leads to
fully assembled V0 domains.
3. Regulation of V-ATPase activity
Different intracellular compartments are known to bemaintained at
different pH values, with lysosomes more acidic than late endosomes
which are in turn more acidic than early endosomes [49]. Similarly, late
endosomes are more acidic than the trans-Golgi network, which is also
more acidic than the otherGolgi compartments [50]. Inmany cases, cells
also need to dramatically change proton translocation across the plasma
membrane without changing acidiﬁcation of intracellular compart-
ments [7]. To accomplish this differential regulation of proton transport,
V-ATPase activity is tightly controlled in vivo using a variety of cellular
mechanisms (Fig. 2).
One early identiﬁed mechanism of controlling V-ATPase activity
involves reversible disulﬁde bond formation between conserved
cysteine residues at the catalytic site of the V-ATPase [51–53]. When
a disulﬁde bond is formed between a highly conserved cysteine in the
Walker A sequence of the catalytic A subunit (Cys254 of the bovine
protein) and a second highly conserved cysteine residue (Cys532)
located in the C-terminal domain of the same subunit, the V-ATPase
activity is reversibly inhibited. This results from a covalent locking of
the catalytic site in a closed conformation which is unable to undergo
the opening required for product release and ATP re-binding [31].
Cleavage of this disulﬁde bond occurs principally by a thio-disulﬁde
exchange involving an additional cysteine residue in subunit A,
although nitric oxide is also able to induce disulﬁde bond formation
leading to reversible inhibition of V-ATPase activity [54]. Estimates of
the fraction of V-ATPase existing in the reversibly disulﬁde bonded
state in vivo suggest that this number is approximately 50% in clathrin-
coated vesicles in brain [53].
A second important mechanism of controlling V-ATPase activity
involves modulation of pump density. This is particularly important
in controlling the amount of V-ATPase-dependent proton transportoccurring across the plasma membrane of epithelial cells. Thus proton
transport across the apical membrane of both renal alpha intercalated
cells and epididymal clear cells is controlled by reversible fusion
with the apical membrane of intracellular vesicles containing a high
density of V-ATPases [7,11]. In the case of clear cells this fusion has
been shown to be activated by a bicarbonate-sensitive adenylyl
cyclase.
A third mechanism of regulating V-ATPase activity in vivo involves
reversible dissociation of the V1 and V0 domains. In yeast and in insect
cells dissociation has been shown to be activated by nutrient
depletion [55,56], presumably as a way of conserving cellular stores
of ATP, although changes in assembly of the V-ATPase have also been
reported in renal cells and dendritic cells involved in antigen
processing [57,58]. In yeast, dissociation occurs rapidly, reversibly
and does not require new protein synthesis [59]. It also does not
involve a variety of signaling pathways which are altered in response
to glucose depletion [60]. It has been reported by both our lab and the
Kane laboratory that dissociation requires catalytic activity [20,60],
although we have recently found that dissociation is not absolutely
dependent upon activity [61]. We have also found that dissociation,
but not reassembly, is dependent upon an intact microtubule network
[62], suggesting that dissociation and reassembly are independently
controlled processes. Consistent with this idea is the observation that
glucose-dependent reassembly of the complex (but not dissociation)
is dependent upon a novel heterotrimeric complex termed RAVE
(regulator of acidiﬁcation of vacuoles and endosomes) [63]. RAVE is
composed of two novel proteins (Rav1p and Rav2p) and a ubiquitin-
ligase subunit (Skp1) and promotes both glucose-dependent and
normal biosynthetic assembly of the V-ATPase complex [64].
We have investigated the dependence of in vivo dissociation of the
V-ATPase on isoforms of subunit a and cellular environment. Targeting
of V-ATPases to different cellular membranes is controlled by isoforms
of subunit a [1]. In yeast there are two isoforms of subunit a (Vph1p
and Stv1p), with Vph1p targeting to the vacuole and Stv1p targeting to
a late Golgi compartment [65,66]. If Stv1p is overexpressed in a strain
deleted in both genes, however, Stv1p also appears in the vacuole.
We have found that V-ATPases containing Vph1p present in the
vacuole dissociate upon removal of glucose from the media whereas
Stv1p-containing complexes localized to the Golgi do not [65]. If
Stv1p-containing complexes are re-directed to the vacuole, however,
dissociation upon glucose depletion is observed. We have employed
vps (vacuolar protein sorting) mutants of yeast that are disrupted
in particular steps in the trafﬁcking of proteins from the Golgi to
the vacuole to further probe the dependence of dissociation on
cellular environment [61,65]. Vps21 mutants are disrupted in trafﬁck-
ing from a post-Golgi compartment to a prevacuolar compartment
whereas vps27 mutants are interrupted in movement of proteins
from the prevacuolar compartment to the vacuole.We have found that
V-ATPases targeted to the same intracellular compartment behave
similarly with respect to glucose-dependent dissociation, with disso-
ciation beingmost complete in the vacuole, followed by the post-Golgi
and prevacuolar compartments and lastly by the Golgi, which shows
no signiﬁcant dissociation [61]. These results suggest that cellular
environment rather than a subunit isoform is the primary determinant
in controlling the degree of in vivo dissociation. Although the precise
environmental factors important in controlling dissociation are not
known, the lumenal pH appears to be one such parameter, with a
sufﬁciently low luminal pH being permissive for in vivo dissociation
[67].
We have recently demonstrated that a unique domain of the
catalytic A subunit, termed the non-homologous domain, appears to
play a role in controlling in vivo dissociation [67,68]. This 90 amino
acid domain located about one third of the way from the N-terminus
of subunit A is highly conserved among V-ATPase sequences from
different species but is unique to the V-ATPases, being absent from the
homologous beta subunit of the F-ATPases (hence the name). We have
Fig. 2. Regulation of the V-ATPase. V-ATPases are regulated by a number of mechanisms including: A, reversible disulﬁde bond formation between conserved cysteine residues that
prevent the catalytic site from cycling between the open and closed conformations required by the binding change mechanism [31,76]; B, changes in pump density through fusion of
vesicles containing a high number of V-ATPase; C, changes in either Cl− or H+ conductance through distinct channels; D, reversible dissociation into inactive V1 and V0 domains; and E,
changes in coupling efﬁciency.
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complete inhibition of glucose-dependent dissociation but give rise to
V-ATPase complexes with full catalytic activity [68]. Moreover, we
have found that the separate non-homologous domain expressed as
an HA-tagged protein is able to bind to the V0 domain in the absence of
the other V1 subunits in a glucose-dependent manner (i.e., removing
glucose from the media induces in vivo dissociation) [67]. Interest-
ingly, upon release from V0 the non-homologous domain appears to
bind to another as yet unidentiﬁed protein. These results suggest that
changes in the non-homologous domain of subunit A may help to
activate dissociation upon glucose depletion.
An important question concerning reversible dissociation of the
V-ATPase complex is how ATPase activity of the free V1 domain and
passive proton conductance by the free V0 domain are silenced upon
dissociation in vivo. Earlier data demonstrated that the free V1 and V0
domains are indeed inhibited in their respective functions and results
from the Kane laboratory showed that subunit H plays a crucial role in
inhibiting ATP hydrolysis by free V1 [69]. Using cysteine-mediated
cross-linking of complexes containing subunit H mutants engineeredto contain single cysteine residues, we have demonstrated that
subunit H comes into close proximity to subunit F (a rotor subunit)
in free V1 but not the intact V1V0 complex [28]. Because subunit H has
been shown to form part of the stator complex [26], these results
suggest that subunit H inhibits the activity of free V1 by bridging the
rotor and stator complexes and physically preventing ATP-driven
rotation.
A fourth mechanism of controlling V-ATPase activity involves
changes in the coupling of proton transport and ATP hydrolysis. The
enzyme appears poised to alter the efﬁciency of coupling based upon
the observation that a variety of changes, including limited proteolysis
[70], elevated ATP concentrations [71] and mutations in a number of
subunits, including subunit D [72] and the non-homologous region of
subunit A [68], cause a partial uncoupling of proton transport from
ATP hydrolysis. Perhaps most interesting is the ﬁnding that certain
mutations in the non-homologous region actually cause an increase in
the coupling efﬁciency [68], suggesting that the wild type V-ATPase is
not optimally coupled. Although the normal physiological signals that
control coupling have not yet been identiﬁed, we have observed that
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5 fold more tightly coupled than those containing the Stv1p isoform
[65]. This, combined with the observation that Vph1p-containing V0
domains show about 10-fold better assembly with V1 than Stv1p-
containing V0 domains [65], helps to explain why the vacuole (which
normally contains Vph1p-containing complexes) is signiﬁcantly more
acidic in vivo than the Golgi (which contains Stv1p-containing
complexes). Thus the a subunit isoform plays an important role not
only in controlling intracellular targeting of the V-ATPase but also in
controlling assembly and coupling efﬁciency of the complex. Inter-
estingly, information to control targeting and dissociation appears to
reside in the N-terminal domain of subunit a whereas information
controlling coupling resides in the C-terminal domain [73].
A ﬁnal mechanism of regulating vacuolar acidiﬁcation in vivo
involves changes in transporters other than the V-ATPase. Because the
V-ATPase is electrogenic, it establishes a luminal positive membrane
potential during transport. As a result, little proton transport can occur
in intracellular compartments unless accompanied by a compensating
charge ﬂux. In vivo this appears to primarily involve intracellular
chloride channels that allow chloride inﬂux to accompany ATP-driven
proton transport, thus dissipating the luminal positive membrane
potential. Moreover, chloride channel activity has been shown to be
modulated by PKA [74]. Because the ﬁnal pH of an intracellular
compartment is a balance between active proton transport and passive
proton leakage, organellar pH may also be controlled by regulating
passive proton conductance. Recent data suggest that intracellular Na/
H antiporters may be playing this role in yeast [75].
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